Templates and capping agents are usually used for the synthesis of NPs with well-defined shape and size. However, the presence of these agents at the surface of the formed NPs may have undesirable effects for some applications. Deposition parameters can also be used to control the morphology and crystallinity of the obtained deposits. Temperature and its gradient are known to play a significant role on the electrodeposition kinetics and thus on the resulting deposit morphology. We have shown in previously published exploratory studies that a mass transport enhancement such as the one obtained in electrochemical systems with heated electrodes can greatly influence the growth kinetics regarding the diffusion limitation aspects. In these works, we compared the morphology of copper particles electrodeposited in two temperature-equivalent conditions i.e. a conventional heating (CH) of the solution (isothermal situation) and an induction heating (IH) of the nickel electrode (non-isothermal situation). The aim of the present work is to further investigate the mechanistic aspects of the galvanostatic electrodeposition of Cu particles on Ni under IH by means of in situ potential and surface temperature measurements correlated with SEM observations of the deposited Cu particles.
Introduction
Copper is a very versatile material used in many applications such as microelectronics [1] and catalysis [2, 3] . Copper oxides that spontaneously form on the Cu surface present also numerous interesting properties for catalysis [2, [4] [5] [6] , gas sensing [7, 8] , antimicrobial activity [9] . Numerous studies have been already carried out on copper and copper oxides nucleation kinetics and mechanism [10] [11] [12] [13] [14] [15] , including the influence of the surface preparation [16] , magnetic field [17] , additives [18] [19] [20] , etc.
Structural characteristics of nanoparticles (NPs), e.g. surface area to volume ratio or aspect ratio, can be adjusted to improve their properties. Various copper NPs synthesis methods have been reported in the literature such as sol-gel, hydrothermal methods and electrochemical deposition [21] [22] [23] [24] . The formation of copper NPs and clusters on polymers [25] [26] [27] [28] [29] [30] [31] [32] [33] , silicon [34] [35] [36] and metallic surfaces [37, 38] is also largely reported in the literature.
Among the chemical methods, two main approaches are considered to synthesize NPs of well-defined shape and size [39] : the use of a template to physically confine the shape and size of the NPs [40] [41] [42] [43] [44] [45] and the addition of capping agent to control their growth direction and size [46] [47] [48] . However, the presence of these template and/or capping agents at the surface of the formed NPs may have undesirable effects for some applications (e.g. hindrance to the surface for catalysis on Cu/Cu 2 O NPs). Therefore, there is often a need to remove them from the Cu NPs surface without changing the particles surface properties.
Besides these methods, the electrochemical approach is known to influence the morphology and crystallinity of the obtained deposits by controlling the deposition parameters. For example, Radi et al. showed the possibility to control the shape of electrodeposited copper NPs on silicon by controlling the CuSO 4 concentration [23] . The pH of the deposition bath can also have a significant impact on the morphology of the copper nuclei [49] as well as on deposition kinetics [49, 50] .
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Among these parameters, temperature and temperature gradients are also known to play a significant role on the electrodeposition kinetics [51, 52] and the resulting deposit morphology [51] [52] [53] [54] . Indeed, establishing thermal convection and increasing diffusion coefficient enhances mass transport while the electrode heating accelerates sluggish reactions kinetics [52] . As a difference in the growth rate of the limiting faces causes specific facets to be exposed [55] , changing the kinetic conditions by heating the system [56] can change the final shape of the formed particles. Furthermore, Milchev et al. have shown by theoretical and experimental studies that the growth kinetics of copper crystals on glassy carbon surface is controlled by combined charge transfer and diffusion limitations under potentiostatic conditions [57] [58] [59] . A mass transport enhancement such as the one obtained in electrochemical systems with heated electrodes can therefore greatly influence the growth kinetics regarding the diffusion limitation aspects.
We have also shown that such electrochemical approach can lead to very specific deposit morphologies [60, 61] . In these studies, we compared the effects of a conventional heating (CH) of the solution (isothermal situation) and an induction heating (IH) of the nickel working electrode (nonisothermal situation) on the morphology of copper particles obtained by galvanostatic electrodeposition. In temperatureequivalent conditions, CH leads to a low coverage of the working electrode with weakly adherent copper microparticles (with a very large size distribution) whose growth could be subject to mass-diffusion limitation. On the other hand, IH leads to a high coverage of the surface with well adherent and highly crystalline Cu nanoparticles (with a sharp unimodal size repartition) avoiding diffusion limitations.
The present work aims to further investigate the mechanistic aspects of the galvanostatic Cu electrodeposition on Ni under IH by means of in situ potential and surface temperature measurements. These measurements are correlated with SEM observations of the deposited Cu particles morphology. In particular, the effect of induction heating on copper electrodeposited particles morphology will be studied in the case of short (2 min) and longer (10 min) electrodeposition periods. The effect of continuous vs. interrupted induction heating will also be investigated.
Experimental Section

Chemicals
Randomly oriented polycrystalline nickel plates of about 1 mm thickness (purity 99.99%) and copper sheets (purity 99.99%) were purchased from Advent Research Materials Ltd. and Goodfellow, respectively. Copper sulfate (CuSO 4 ) and absolute ethanol were purchased from Merck. Potassium chloride (99%, for analysis) was purchased from Acros Organics. Sulfuric acid (95-97%) was purchased from ChemLab. These chemicals were used without further purification. Ultra pure milli-Q water (18.2 MΩ cm) was used for preparation of all aqueous solutions.
Substrates Preparation
The nickel substrates were cut into 20 × 10 mm 2 coupons and mechanically polished down to 1 µm on a Buehler AutoMet ® 250 instrument using various grit silicon carbide papers and diamond pastes. They were then cleaned by sonication 15 min in ethanol, flushed dry in a nitrogen stream and stored until electrodeposition.
The electrochemical experiments have been performed using an EG&G Instruments potentiostat (model 263A) monitored by computer and M270 electrochemistry software and a three electrodes electrochemical cell: a copper sheet as counter electrode, a saturated calomel electrode (SCE) connected with a salt bridge (filled with a saturated potassium chloride aqueous solution) as reference electrode and a nickel substrate as working electrode (area: 1 cm 2 and 3 mm distance from the counter electrode). The copper electrodepositions were carried out galvanostatically in a 50 mM CuSO 4 solution at pH 3 (adjusted with concentrated H 2 SO 4 ) by applying a constant current density of − 2 mA/cm 2 during 2 or 10 min. These electrodeposition conditions were fixed arbitrarily and maintained constant in order to focus on the effect of the heating method (IH and CH).
IH was performed with an Ambrell EasyHeat induction heating system with a power output of 730 W or 350 W and a frequency of 198 kHz. The used coil is composed of 7 spires with an internal diameter of 9 cm. The working electrode, immersed into 15 ml of the electrodeposition bath, was centered into the coil with its face perpendicular to the coil axis.
Copper electrodeposition under CH, was carried out using a thermostatized electrochemical cell. After electrodepositions, the substrates were copiously rinsed with milli-Q water and ethanol, flushed dry under a nitrogen stream and stored until their characterization.
Temperature Measurements
Induction heating (also known as RF heating) is based on Faraday's law of induction and Joule's law from which the temperature of an electrically conductive material can be increased directly and contactless. In practice, the material is placed into a coil in which a high frequency alternating current flows. The material is thus exposed to rapid magnetic field changes that induce eddy currents in it. These eddy currents induce heating of the material via internal electrical resistance according to Joule's law. Furthermore, one of the general characteristics of alternating currents is to concentrate in the peripheral parts of the conductor (skin effect) thus induced eddy currents are higher in the outside parts of the material than in the bulk and the heat is therefore mainly generated at the surface of the material. The thickness of the layer in which most of the eddy currents are concentrated (i.e. the skin depth) depends on the frequency of these currents but also on the resistivity and the absolute magnetic permeability of the heated material. In addition to being contactless and localized, this heating method has the main advantages to be more rapid and energetically economic than other conventional heating methods. The choice of nickel as substrate for this study is based on the particular suitability of this material for induction heating contrary to copper regarding their respective magnetic and electrical properties. This allows studying the impact of a selective heating of the nickel cathode by avoiding the induction heating of the copper anode and of the forming copper deposit itself.
In order to compare IH and CH effects on the copper electrodeposition on nickel, temperature-equivalent conditions (i.e. a conventional heating temperature corresponding to the applied IH conditions) had to be determined. Therefore, the temperature reached by the nickel electrode surface in the electrodeposition conditions is measured with a soldered K-type thermocouple and a Keithley 2700 multimeter/data acquisition system monitored by computer and Keithley XLINX 2700 Startup Software.
For short time (2 min) electrodepositions, two different IH conditions were used: a 60 s induction heating applied during the first half of the electrodeposition (called "IH60s-730W" hereafter) and a 120 s induction heating thus applied during the entire electrodeposition time (called "IH120s-730W" hereafter). At the end of the IH pulse, the temperature at the nickel surface reaches its highest value and then decreases quickly during about 30 s before decreasing more slowly. After a 60 s IH pulse, the nickel surface reached a temperature of about 60 °C while when the IH is kept active during 120 s, the surface temperature further increases up to 70 °C.
For longer time (10 min) electrodepositions, the same IH conditions (i.e. IH60s-730W and IH120s-730W) were used. Besides these two IH conditions (leading to a heating of the nickel electrode only at the beginning of the electrodeposition), a third IH condition has been established in order to increase the nickel surface temperature during the entire electrodeposition time up to 60 °C (i.e. a 10 min continuous heating). This is possible by reducing the power output from 730 W down to 350 W. With these IH parameters (called "IH600s-350W" hereafter), the nickel surface temperature quickly increases up to about 35 °C (in the first 10 s of heating) and then more linearly for the rest of the heating time.
For all these IH conditions, a heating of the electrolyte at 60 °C has been chosen as a reasonably temperature-equivalent condition for CH experiments.
Substrates Characterization
Chronopotentiograms were recorded with a Keithley 2700 multimeter/data acquisition system monitored by computer and Keithley XLINX 2700 Startup Software during the electrodeposition experiments. Rest potential curves were recorded the same way for each heating condition investigated in this work. Cathodic overpotential values were assessed from the difference between these rest potential curves and the corresponding deposition potential curves.
The morphology of the obtained electrodeposits was determined by scanning electron microscopy (SEM) using a JEOL 7550 FEG-SEM microscope with an acceleration voltage of 15 kV.
Results
As stated previously, the aim of this research is to investigate the mechanistic aspects of the galvanostatic Cu electrodeposition on Ni under IH or CH. The effect of induction heating (both continuous and interrupted) has been studied in the case of short (2 min) and longer (10 min) electrodeposition times.
Short Electrodeposition Time
As a first step, the copper particles obtained after 2 min electrodeposition at room temperature ("2minRT") can be compared with those obtained with a CH of the electrodeposition bath at 60 °C ("2minCH60"). Representative SEM pictures of these deposits are presented in Figs. 1 and 2, as well as the corresponding chronopotentiograms and particles size distribution. From these pictures, it clearly appears that copper grows on nickel according to the Volmer-Weber mechanism (formation of 3D copper islands leading to copper particles) as reported in previous works [60, 61] . Several observations can be made on the basis of these SEM analyses.
First, the overall copper particles surface density is clearly much higher for 2minRT samples than for the 2minCH60 ones. Second, while 2minRT particles have a sharp unimodal size distribution with an average size of 0.59 µm (0.13-1.1 µm), the 2minCH60 ones exhibit a very broad and multimodal size distribution with a much larger mean size (9.09 µm). The corresponding values are listed in Table 1 . Third, besides the size difference, it is also clear that the morphology of the copper particles is significantly influenced by temperature. 2minRT particles appear as agglomerates of small copper crystals, while 2minCH60 particles present two main types of morphology: large particles with poorly developed (rough and incomplete) crystalline faces and smaller ones exhibiting a cubic shape. Inspection at higher magnification of these cubic particles reveals that even if their crystalline faces are well developed, their shape is not strictly cubic. Indeed, the faces centers are less developed than the corners (i.e. indentation of the center of the cubes faces). This can be indicative of slight diffusion limitation phenomena during the electrodeposition leading to branching growth [62] . Ultimately, it appears from the chronopotentiograms that the electrodeposition with a − 2 mA/ cm 2 current density results in a higher overpotential value at 60 °C compared to room temperature (0.16 and 0.11 V). These values are listed in Table 1 .
In a second step, these particles were compared with the ones obtained after 2 min electrodeposition with 60 s and 120 s induction heating ("2minIH60s-730W" and "2minIH120s-730W", respectively). Representative SEM pictures of these particles, the corresponding chronopotentiograms as well as the nickel surface temperature curves and particles size distribution are presented in Figs. 3 and  4 . Contrary to CH, IH leads to a high density of copper particles on the nickel surface. The particles electrodeposited under IH keep a sharp unimodal size distribution. However, the mean particle size is significantly higher than the one obtained at room temperature. An increase of the IH time from 60 s to 120 s seems to lead to a slight increase of the mean size from 1.27 to 1.37 µm for 2minIH60s-730W and 2minIH120s-730W, respectively ( Table 1 ). The morphology of the copper particles electrodeposited under IH is completely different from those obtained at room temperature or with a CH of the electrodeposition bath at 60 °C. Indeed, most of the copper particles formed with IH present a cubic or truncated octahedron morphology, thus exposing mainly well-developed (100) crystalline faces. From the chronopotentiograms (Figs. 3, 4) , it clearly appears that the use of IH leads to a change in the overpotential value. It is slightly higher under IH than the one under CH (~ 0.18 V). It is interesting to note that when IH is stopped during the electrodeposition, the overpotential decreases back to a value close to that measured for electrodepositions at room temperature (~ 0.1 V, Fig. 3c for 2minIH60s-730W).
Longer Electrodeposition Time
Copper particles formed at room temperature ("10minRT") appear as agglomerates of small crystals, with morphology similar to the "2minRT" ones (Fig. 5) . However, one can notice that their mean size is much higher (1.39 µm) and that their size distribution is not unimodal anymore (Fig. 5d) .
Indeed, it appears from the representative SEM pictures that a few large and small agglomerates are formed after 10 min. As expected, the same overpotential value is measured for these 10minRT depositions as for 2minRT ones (~ 0.11 V). The copper particles obtained after 10 min with a CH at 60 °C ("10minCH60") are morphologically similar to those obtained with the 2minCH60 conditions (Fig. 6) . However, electrodeposition time up to 10 min leads to an important increase of the copper particles mean size (~ 16.77 µm) and the size distribution (Fig. 6d) . As expected, comparable overpotential values (~ 0.16 V) are measured for both 10minCH60 and 2minCH60 cases. The copper deposits obtained after 10 min with 60 s IH of the nickel substrate at the beginning of the electrodeposition (10minIH60s-730W) present an interesting morphology. Indeed, two main types of particles are observed on these surfaces (Fig. 7) . On the one hand, few big and poorly crystalline copper particles (such as the ones obtained with a CH at 60 °C) are present. On the other hand, the majority of the particles present a cubic or truncated octahedron morphology, exposing mainly smooth and well-developed (100) crystalline faces. However, these particles are larger than the 2minIH60s-730W and 2minIH120s-730W ones (maximum of the size distribution around 2.2 µm) and exhibit a sharp size distribution (Fig. 7d) . Regarding the chronopotentiograms (Fig. 7c) , an overpotential ~ 0.18 V is measured during IH while it decreases back to ~ 0.1 V when the IH is stopped. These observations are consistent with the ones carried out at shorter electrodeposition times.
When an IH of 120 s is applied at the beginning of a 10 min electrodeposition (i.e. "10minIH120s-730W" samples), the formed copper particles are very similar to the 10minIH60s-730W ones (Fig. 8) with some slight differences. First, the mean size of the small cubic copper crystals is slightly higher in the case of 10minIH120s-730W (Fig. 8d) . Second, the quantity of big and poorly crystalline particles present at the surface is significantly lower than for 10minIH60s-730W samples.
Ultimately, 10 min of electrodeposition under continuous induction heating with a lower power output (i.e. 350 W) has been carried out ("10minIH600s-350W"). As explained previously, these IH parameters lead to a gradual increase of the nickel surface temperature up to 60 °C (Fig. 9c) . This 10minIH600s-350W situation was expected to be similar to the 2minIH120s-730W one in the sense that induction is applied during the entire electrodeposition time and the nickel surface temperature reaches a similar temperature (around 60 °C). Surprisingly, the obtained deposit has a completely different morphology (Fig. 9) . The deposit is composed of two types of copper particles: very small and poorly crystalline copper aggregates (similar to the 2minRT ones) and much larger nicely formed cubic copper crystals. The size distribution of these particles is obviously not unimodal (Fig. 9d) . However, the size of the nicely formed copper crystals is comprised between 5 µm and 8 µm i.e. by far larger than the copper crystals observed previously in this study. Their size is thus less controlled than for the other electrodepositions under IH. However, the obtained size distribution is still much sharper than for electrodepositions carried out with CH.
A 0.14 V overpotential is measured during this 10minIH600s-350W electrodeposition which is an intermediate value between those measured at room temperature and under induction heating with a power output of 730 W.
Discussion
First, it has been shown that at high overpotential values, the hydrogen evolution reaction can change the hydrodynamic conditions near the electrode (due to the production of hydrogen bubbles) and lead to the formation of copper micro/nanostructures presenting a rough surface [45, [63] [64] [65] . The overpotential values recorded for electrodepositions under CH at 60 °C being significantly higher than at room temperature, this could explain the rough surfaces and poorly crystalline morphology of copper particles obtained in such conditions.
Copper particles obtained under IH exhibit a highly crystalline morphology and smooth surfaces and the highest overpotential values are found. These results could be explained by the non-isothermal nature of IH. Indeed, we have shown previously that IH leads to significant convection phenomena preventing a local pH decrease due to the formation of Cu 2 O at the surface of the electrodeposited particles and thus allowing the formation of a crystalline Cu 2 O shell on these particles [60, 61] . This IH induced convection phenomenon could therefore reduce the hydrogen evolution reaction by decreasing the proton concentration at the electrode-solution interface but also increase the speed at which the formed hydrogen bubbles are removed from the surface. This is likely to favor the formation of smooth and a welldeveloped copper crystalline faces even at higher overpotentials, in addition to allowing the formation of well-defined copper crystals with reduced diffusion limitation phenomena (therefore avoiding the branching of the formed particles).
In the case of 10 min electrodeposition under IH, a reasonable hypothesis to explain the presence of large and poorly crystalline copper aggregates on (10minIH60s-730W and 10minIH120s-730W) samples is that the nicely developed cubic copper monocrystals start to develop during the first stages of the electrodeposition (when the induction heating is turned on) while during the rest of the electrodeposition the situation is similar to the room temperature situation (overpotential ~ 0.1 V). Therefore, during the 9 or 8 last minutes of electrodeposition, already formed copper crystals slightly grow further while other "room temperature like" copper aggregates starts to develop. The slight differences in abundance and size of these copper particles between the 10minIH60s-730W and 10minIH120s-730W deposits could be explained by the temperature difference during the electrodeposition period without IH. Indeed, when nickel substrates are submitted to 60 s IH, the surface temperature is roughly comprised between 30 °C and 37 °C during the rest of the electrodeposition while when a 120 s induction heating is applied, the surface temperature is roughly comprised between 40 and 50 °C. This is in good agreement with the results obtained for copper deposition under CH. Indeed, we have seen that a conventional heating of the electrodeposition bath leads to an important increase of the copper particles size and a drastic decrease of these particles density on the electrode surface.
The fact that no big copper agglomerates can be observed on 10minIH600s-350W samples confirms this hypothesis. It thus seems that induction heating of the nickel electrode with a power output of 350 W is not sufficient to ensure that all formed copper particles develop well-defined crystalline faces but those which keep growing reach larger sizes.
Conclusions
This work aimed to highlight the effect of IH vs. CH on the galvanostatic electrodeposition of Cu particles on Ni substrates and to compare the impact of IH when applied continuously during the entire electrodeposition period or only at the beginning of the deposit formation. The related mechanistic aspects have been investigated by means of in situ potential and surface temperature measurements correlated with SEM observations of the deposited Cu particles.
It was shown that in the applied conditions (− 2 mA/cm 2 in a CuSO 4 50 mM aqueous solution at pH 3), the heating method has a significant influence on the deposit morphology as well as on the resulting overpotential.
The particles deposited at room temperature consist in small agglomerates of copper crystals. These particles present a high density on the surface and a sharp size distribution.
Electrodeposition under CH (60 °C) leads to a significant increase of the overpotential value. It results in a low coverage of the Ni electrodes with two types of Cu particles: big ones presenting poorly developed and rough crystalline faces and smaller ones presenting a more crystalline cubic shape but also morphology features indicating the appearance of diffusion limitation phenomena during their formation. The size distribution of these particles is clearly no longer unimodal and much wider than what is obtained at room temperature.
On the contrary, IH of the Ni electrode leads to a high particles density on the surface presenting a sharp unimodal size distribution and a significantly larger size than the ones obtained at room temperature. Most of the Cu particles formed with IH present a cubic or truncated octahedron morphology, thus exposing mainly well-developed (100) crystalline faces. This has been explained by the convection phenomenon induced by the non-isothermal nature of the system during IH. On the one hand, this convection induces the formation of smooth and well-developed crystalline faces (despite the high overpotential value) by limitation of the hydrogen evolution reaction and accelerated removal of the formed H 2 bubbles from the copper particles surface. On the other hand, convection also cancels diffusion limitation phenomena pointed out in the case of electrodepositions under CH.
Applying IH only at the beginning of the deposition leads to a mixed electrodeposition regime i.e. under IH at the beginning and "CH like" during the rest of the deposition. This results in the formation of a deposit exhibiting a "mixed" morphology. On the opposite, the application of a continuous IH during the entire deposition time leads to the growth of much bigger crystalline particles avoiding any "CH like" deposition period.
Induction heating thus appears as a convenient tool for a specific control of the morphology and crystallinity of electrodeposited copper particles without any additives. This study provides an interesting insight on the beneficial effect of IH for the copper particles electrodeposition of on nickel electrodes. It can be considered as an original experimental approach for the electrochemical growth of metal particles and crystals on surfaces. We also plan to study systems with selective heating of the deposited material without heating the electrode (e.g. Ni particles on a Cu electrode), with heating both the electrode and the deposited material (e.g. Ni particles on a Ni electrode) or to study the impact of such a heating on alloying by metals codeposition, just to name a few examples.
